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Summary
Background: Establishment and maintenance of epithelial
cell polarity is regulated in part by signaling from adhesion
receptors. Loss of cell polarity is associated with multiple
pathologies including the initiation and progression of various
cancers. The b1-integrin adhesion receptor plays a role in the
regulation of cell polarity; however, the identity of the signaling
pathways that modulate b1-integrin function and connect it to
the regulation of polarity pathways remains largely unknown.
Results: The present work identifies a role for Arg, a member
of the Abl family nonreceptor tyrosine kinases, in the regula-
tion of adhesive signals and epithelial cell polarity. In a three-
dimensional cell culture model, activation of Arg kinase leads
to a striking inversion of apical-basal polarity. In contrast,
loss of Arg function impairs the establishment of a polarized
epithelial cyst structure. Activated Arg kinase disrupts b1-in-
tegrin signaling and localization and impairs Rac1-mediated
laminin assembly. Disruption of b1-integrin function by active
Arg results in altered distribution of selected polarity complex
components mediated in part by Rap1 GTPase signaling.
Whereas polarity inversion is partially rescued by a constitu-
tively active Rap1, Rac1-dependent laminin assembly is not,
indicating that Rap1 and Rac1 signal independently during
epithelial polarity.
Conclusions: These findings suggest that modulation of Arg
kinase function may contribute not only to normal epithelial
polarity regulation but also may promote pathologies associ-
ated with loss of cell polarity.
Introduction
The establishment and maintenance of tissue architecture
requires crosstalk from cell surface receptors to polarity regu-
latory complexes [1]. Disruption of this crosstalk has been
associated with diverse pathological conditions, including
cancer. The initiation and progression of many cancers are
often linked to the disruption of tissue architecture and loss
of cell polarity [2, 3]. Integrin signaling modulates cell polarity
and has been shown to suppress or promote tumorigenesis.
The b1-integrin is required for mammary gland development
and regulation of polarized epithelial structures [4], and
targeted disruption of b1-integrin in mice revealed that this
integrin plays a critical role at distinct stages of tumor progres-
sion depending on the tumor model employed [5, 6]. Using
three-dimensional (3D) culture models, a direct role for b1-
integrin in the regulation of epithelial cell polarity has been
demonstrated because blocking b1-integrin function in this
system caused inversion of apical polarity [7]. The effects of*Correspondence: pende014@mc.duke.edub1-integrin-dependent polarity regulation required Rac1-
mediated control of laminin assembly at the basal membrane
[8]. However, the pathways that connect b1-integrin to the
regulation of polarity complexes and the identity of upstream
signaling pathways that modulate b1-integrin function remain
largely unknown.
Epithelial cell polarity is dependent on distinct polarity
complexes known as the Par (Par3/Par6/aPKC), Crumbs
(Crumbs/PATJ/PALS), and Scribble (Lgl/Dlg/Scrib) com-
plexes. The Par and the Crumbs protein complexes promote
apical-membrane identity and establishment of the apical-
basal border, respectively, whereas the Scribble complex
directs basolateral membrane identity [2]. Aberrant activation
of growth factor receptor tyrosine kinases (RTKs) disrupts
cell polarity by targeting polarity protein complexes [3] as in
the case of Erb2 hyperactivation, which disrupts cell polarity
by causing the dissociation of Par3 from the Par6/aPKC
polarity complex [9].
The Abl nonreceptor tyrosine kinases, Abl and Arg, are acti-
vated downstream of RTKs and adhesionmolecules and regu-
late cell migration, morphogenesis, proliferation, and survival
[10, 11]. We showed that Abl kinases regulate cadherin-medi-
ated intercellular adhesion in part through modulation of the
Rac1 and RhoA GTPases [12]. Abl kinases are also activated
downstream of integrin engagement and regulate integrin
function in neural and immune cells [13, 14]. Abl kinases
were first identified as oncoproteins in leukemias associated
with the production of fusion proteins with constitutive tyro-
sine kinase activity [10]. Recently, enhanced expression and
activation of Abl and Arg have been reported in solid tumors
including colorectal, breast, and lung cancers and renal
medullary carcinoma [15–19]. We showed that Abl kinases
are activated by chemokines in breast cancer cells and are
required for cancer cell invasion [20]. Although our previous
studies suggested that activated Abl kinases play a role at later
stages of tumor progression, a role for Abl kinases in the
disruption of cell polarity linked to tumor initiation has not
yet been examined. Studies in Drosophila have implicated
D-Abl in the regulation of epithelial cell polarity [21–23]. Loss
of D-Abl disrupts cell migration and cell shape changes during
dorsal closure and ventral furrow formation [22, 23]. However,
whether mammalian Abl and Arg kinases play a role in epithe-
lial cell polarity is unknown. In this report, we uncover a role
for the Abl family kinase member Arg in the regulation of b1-in-
tegrin signaling and apical-basal polarity using 3D epithelial
cell cultures.
Results
Arg Kinase Regulates Epithelial Cell Polarity
To investigate the consequences of Arg kinase activation on
epithelial cell polarity, we employed a 3D cell culture system
in which Madin-Darby canine kidney type II (MDCKII) cells
form polarized cysts when grown in collagen matrix. MDCKII
cells express both Arg and Abl kinases (Figure 1C; see also
Figure S1B available online). In contrast to control cells, over-
expression of a constitutively-active Arg mutant (ArgPP) in
MDCKII cells produced cysts without lumen and a striking
Figure 1. Active Arg Inverts Epithelial Cyst Polarity
(A) Madin-Darby canine kidney type II (MDCKII) cells expressing either empty vector or constitutively active Arg (ArgPP) were grown in collagen gels for
6 days. The gels were fixed and stained for the apical polarity marker gp135 and the adherens junctionmarker E-cadherin and visualized by confocalmicros-
copy. Scale bars represent 10 mm.
(B) Lines were drawn across representative cells in (A), and the fluorescence intensity distribution of the indicated markers along the lines are shown.
(C) Western blots show Arg expression and activity by detection of p-CrkL levels.
(D) Quantification of the percentage of cysts with inverted polarity at day 6 from three independent experiments; over 200 cysts from each group were
analyzed by two-tailed unpaired Student’s t test; **p < 0.01. Error bars represent mean 6 standard deviation (SD).
(E and F) MDCKII cysts expressing either vector or ArgPP were stained for ZO-1 and actin and visualized by confocal microscopy. Fluorescence intensity
distributions along the indicated lines are shown. Scale bars represent 10 mm.
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1535inverted polarity phenotype characterized by the localization
of the apical marker gp135 to the outer surface of the cyst
(Figures 1A–1D). Activation of the Arg kinase was confirmed
by hyperphosphorylation of CrkL, an Abl/Arg substrate, on
tyrosine 207 (Figure 1C). Whereas control cysts displayed
strong actin accumulation at the apical membrane and locali-
zation of the tight junctionmarker ZO-1 on the innermembrane
surrounding the lumen, ArgPP-expressing cysts were charac-
terized by inverted membrane distribution of both actin and
ZO-1 (Figures 1E and 1F). Expression of an active mutant of
the Abl kinase (AblPP) also produced cysts with inverted
apical polarity (Figures S1A–S1C). Active ArgPP generated
higher percentages of cysts with inverted polarity (w70%)
(Figure 1D) than AblPP (w25%) (Figure S1C), and thus we
focused primarily on the role of Arg in the regulation of cyst
polarity.
Inhibition of b1-Integrin Signaling by Activated Arg Kinase
The phenotype induced by activated Arg is reminiscent of the
inverted polarity induced by loss of b1-integrin function in
MDCKII cysts [7]. Thus, we first examined whether activeArgPP altered b1-integrin function. Whereas b1-integrin local-
ized to the basolateral membrane in control cysts, ArgPP
disrupted the localization of b1-integrin at the collagen-inter-
acting outer membrane, though its localization at cell-cell
junctions remained intact (Figure 2A; Figure S2A). The inverted
polarity phenotype in ArgPP-expressing cysts was detected
as early as days 2 and 3 in 3D culture and was independent
of cell numbers because both control and ArgPP-expressing
cysts displayed similar cell numbers at this stage (Figures
S2B–S2D). Similarly, the selective loss of b1-integrin at the
cyst outermembrane occurred at the earliest stages of polarity
establishment (Figures S2B–S2D). These data suggest that
ligand-induced b1-integrin signaling might be impaired, a
possibility which is supported by the observation that b1-in-
tegrin-mediated cell adhesion and spreading on collagen
were dramatically inhibited by ArgPP (Figures 2B and 2C).
Similar to the phenotype induced by loss of b1-integrin, loss
of Rac1 function causes inversion of apical polarity [8]. Rac1
is activated downstream of b1-integrin and promotes basal
laminin assembly [8]. Activation of the laminin receptor a3b1-
integrin on the basal membrane relays positional information
Figure 2. Active Arg Inhibits b1-Integrin Signaling
(A) MDCKII cysts expressing either vector or ArgPP at day 6 were stained for b1-integrin and actin and visualized by confocal microscopy. Scale bars
represent 25 mm.
(B) MDCKII cells expressing vector or ArgPPwere plated on collagen for 8 hr, and adherent cells were quantified. Data were analyzed by two-tailed unpaired
Student’s t test; **p < 0.005. Error bars represent mean 6 standard error of the mean (SEM) (vector, n = 718; ArgPP, n = 150).
(C) Cells quantified in (B) were classified into three morphological groups (top). The percentage of cells in each group was analyzed by two-tailed unpaired
Student’s t test (bottom); *p < 0.03; ***p < 0.001. Error bars represent mean 6 SEM.
(D) Cell lysates from MDCKII cells expressing either vector or ArgPP embedded in collagen for 6 to 12 hr were subjected to active Rac1-guanosine triphos-
phate (GTP) assay. Active Rac1 levels were detected by western blot (left panel) and analyzed by two-tailed unpaired Student’s t test (right panel); ***p <
0.001. Error bar represents mean 6 SD. Lysates were also blotted for a3-integrin and tubulin (loading control).
(E) Four-day MDCKII cysts expressing either vector or ArgPP were isolated from collagen gels. Expression of cyst-associated laminin was detected
by western blotting. Voltage-dependent anion-selective channel protein 1 (VDAC1) was used as a loading control.
(F and G) MDCKII cysts expressing vector or ArgPP were stained for gp135 and laminin and analyzed by confocal microscopy (F). Z stack pictures
were reconstructed to 3D models using the software Volocity (G). Scale bars represent 10 mm.
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1536promoting cyst polarity orientation [24]. Expression of ArgPP
produced a 40% reduction of active Rac1 levels without
affecting the levels of total Rac1 protein (Figure 2D). ArgPP-
expressing cysts also exhibited decreased levels ofa3-integrin
(Figure 2D, left panel). A similar decrease in a3-integrin was
reported in cysts treated with a b1-integrin function-blocking
antibody or expressing dominant negative RacN17 mutant [7,
8]. The a3b1-integrin is required for basal laminin assembly
[25]. Concomitant with decreased Rac1 activation anda3-integrin levels, laminin assembly was dramatically impaired
in ArgPP-expressing cysts (Figures 2F and 2G). Consistent
with published data [8], analysis of cyst-associated laminin
protein in control cysts yields a doublet with an upper band
that corresponds to extracellular laminin and a lower band
for intracellular laminin (Figure 2E). ArgPPexpressionmarkedly
decreased the levels of extracellular laminin without changing
the levels of intracellular laminin (Figure 2E). Taken together,
these data suggest that expression of active Arg impairs
Figure 3. Disruption of the Par Complex by Arg Activation
(A and B)MDCKII cysts expressing either vector or ArgPPwere stained for Par3 (A) or aPKC (B) and visualized by confocal microscopy. Scale bars represent
10 mm.
(C) Lysates of cells expressing vector or ArgPP were incubated with anti-Par6 antibody, and coimmunoprecipitates were blotted for Par3 and aPKCz.
(D) Quantification of Par3 coimmunoprecipitated with Par6 by ImageJ and analyzed by two-tailed unpaired Student’s t test; *p < 0.04. Error bar represents
mean 6 SEM.
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1537b1-integrin signaling, leading todecreasedRac1activation and
impaired laminin assembly. A role for Arg in the regulation of
b1-integrin function during polarity establishment is consistent
with its basolateral distribution in epithelial cysts (Figure S2E),
a localization that is similar to that of b1-integrin (Figure 2A;
Figures S2A–S2D).
Active Arg or Inhibition of b1-Integrin Disrupts Polarity
Protein Complexes in Epithelial Cysts
Epithelial cell polarity is dependent on the activity of distinct
polarity complexes including the Par, Scribble, and Crumbs
complexes [26]. Expression of ArgPP induced abnormal cyto-
solic localization of Par3, a component of the Par3/Par6/aPKC
complex, which normally localizes to tight junctions in control
cysts (Figure 3A; Figure S3A). In contrast, aPKC and Par6
remained at the inverted apical membrane (Figure 3B; Figures
S3B and S3C). These findings suggested that ArgPP might
promote dissociation of Par3 from the complex. Indeed, ex-
pression of ArgPP disrupted the interaction of Par3 with
Par6/aPKC as assessed by coimmunoprecipiation of endoge-
nous Par proteins (Figures 3C and 3D).
Active Arg did not affect the cytosolic and lateral membrane
localization of mammalian Lgl (mLgl), a component of the
Scribble complex (Figure S3D) but induced aberrant localiza-
tion of Dlg, which was found at the inverted apical membrane
in cysts expressing ArgPP, rather than at the basolateral
membrane (Figure S3F).To examine whether loss of b1-integrin function phenocop-
ied the effects of ArgPP expression on the distribution of
polarity proteins, we treated cysts with the b1-integrin function
blocking antibody AIIB2 [7, 27]. Whereas control IgG had no
effect on cyst polarity, treatment with AIIB2 has been shown
to induce inversion of apical polarity [7]. We found that AIIB2
treatment promoted the cytosolic localization of Par3 (Fig-
ure S3E) but had no effect on the localization of aPKCz at
the inverted apical membrane (data not shown). The effects
of AIIB2 treatment phenocopied those induced by ArgPP.
Similar to active Arg, blocking b1-integrin function induced
Dlg mislocalization at the inverted apical membrane (Figures
S3F and S3G). These findings suggest that the abnormal local-
ization of polarity proteins in ArgPP-expressing cysts is likely
to be a consequence of impaired b1-integrin signaling.
Loss of Arg Function Impairs Epithelial Polarity
Establishment
To determine whether the Arg-induced polarity inversion re-
quired Arg kinase activity, we overexpressed wild-type (WT),
active (PP), or kinase-inactive (KR) forms of Arg in MDCKII
cells. We consistently found that expression of ArgKR was
higher than ArgWT and ArgPP and that overexpression of
ArgWT activated its kinase activity (Figure 4B). Both ArgWT
and ArgPP but not ArgKR promoted inversion of cyst polarity
(Figures 4A–4C). Loss of Arg kinase activity in cysts expressing
ArgKR or pharmacological inhibition with STI571 resulted in
Figure 4. Loss of Arg Function Impairs Establishment of Epithelial Cyst Polarity, whereas Arg Activation Inverts Cyst Polarity
(A and B) MDCKII cells overexpressing either Arg wild-type (WT), constitutively active (PP), or kinase dead (KR) mutants were grown in collagen gels
for 6 days. The percentage of cysts with inverted polarity was analyzed by two-tailed unpaired Student’s t test (A); *p < 0.02 (ArgWT, n = 332; ArgPP,
n = 195; ArgKR, n = 446). Protein expression was analyzed by western blotting (B).
(C and D) MDCKII cells expressing either vector or ArgKR were embedded in collagen gels for 8 or 9 days. Cysts were stained for the indicated markers,
followed by confocal microscopy. Scale bars represent 10 mm in (C) and 25 mm in (D).
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1538impaired polarity establishment characterized by fragmented
localization of the apical marker gp135 and disruption of
E-cadherin-positive adherens junctions in 3D cysts (Figure 4C;
Figures S4A and S4B). The loss of cell-cell junctions in the
absence of functional Arg and Abl kinases in 3D cysts is
consistent with our previous finding in 2D culture showing
that Abl kinases are required for adherens junction formation
andmaintenance [12]. Cysts treatedwith STI571 or expressing
ArgKR had decreased cyst radiuses compared to control
cysts (Figures S4C and S4D), which may be due in part to
cyst structure collapse induced by loss of polarity. The
assembly of laminin was impaired in cysts expressing ArgKR
despite the presence of b1-integrin at the cyst-collagen-inter-
acting outermembrane (Figure 4D), suggesting that loss of Arg
function interferes with the b1-integrin-mediated signaling
leading to laminin assembly. The presence of b1-integrin at
the cyst-collagen interface in cysts lacking functional Arg
kinase is in contrast to the disruption of b1-integrin accumula-
tion at the collagen-interacting outer membrane in cysts ex-
pressing activated ArgPP. Thus, loss of Arg activity produces
cysts without obvious polarity, a phenotype that is distinct
from the inverted polarity induced by active Arg.
Active Arg Suppresses Collagen-Induced b1-Integrin
Expression
We showed that Abl/Arg kinases regulate cell surface levels of
the epidermal growth factor receptor and MT1-MMP [20, 28].
Thus, we hypothesized that active Arg might affect b1-integrin
function in part by modulating its surface expression. Flow
cytometricanalysis ofnonadherent cells showednostatistically
significant differences in the percentage of b1-integrin positivecells or average intensity of surface b1-integrin levels between
control and ArgPP-expressing cells (Figures S5A and S5B).
In contrast, b1-integrin levels were dramatically increased in
control cells in response to adhesion to collagen, and this
increase was significantly suppressed by ArgPP (Figure 5A).
Cellular protein fractionation demonstrated that the upregu-
lated b1-integrin in adherent cells was associated with the
membrane and cytoskeleton fraction, and this increase was
impaired in ArgPP-expressing cells (Figure 5B). The b1-integrin
mRNA levelswere similar in control andArgPP-expressing cells
before and after adhesion to collagen (Figure 5C), suggesting
posttranscriptional regulation of b1-integrin protein by active
Arg in adherent cells. Loss of Arg function did not affect
collagen-induced b1-integrin protein upregulation in adherent
cells as expression of ArgKR kinase-inactive mutant or Abl-
Arg knockdown did not affect b1-integrin levels upon collagen
engagement (Figure 4B; Figure S4E).
Regulation of b1-Integrin Levels and Cyst Polarity
by Active Arg Is Mediated by Rap1
The Rap1 GTPase is a critical regulator of b1-integrin in
lymphocytes [29, 30], and Abl kinases are required for T cell
receptor-mediated Rap1 activation and regulation of integrin
affinity [31]. Recently, Rap1 has been implicated in posttran-
scriptional regulation of b1-integrin in epithelial cells grown
under two-dimensional (2D) culture conditions [32]. These find-
ings prompted us to examine whether active Arg impaired
b1-integrin function by altering Rap1 signaling. Adhesion of
control MDCKII cells to collagenmarkedly increased the levels
of active Rap1, which was significantly inhibited in cells ex-
pressing active ArgPP (Figure 6A). In contrast, loss of Abl/Arg
Figure 5. Active Arg Suppresses Collagen-Induced b1-Integrin Protein Levels
(A) MDCKII cells were plated on collagen-coated plates for the indicated times and b1-integrin protein levels were analyzed by western blotting and quan-
tified with ImageJ. UN indicates undetectable.
(B) Cells plated on collagen for 24 hr were lysed and subjected to protein fractionation, and the lysates from the cytosolic and membrane and cytoskel-
eton fractions were analyzed by western blotting with the indicated antibodies. Relative b1-integrin levels were quantified with ImageJ. UN indicates
undetectable.
(C) Quantification revealed no statistically significant difference in b1-integrin mRNA levels by real-time RT-PCR in cells expressing either vector or ArgPP
before and after plating on collagen for 24 hr. Data were analyzed by two-tailed unpaired Student’s t test; p > 0.1. Error bars represent mean 6 SD.
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ment (Figures S6A and S6B). To determine whether decreased
Rap1 activation contributes in part to the regulation of b1-in-
tegrin levels and inversion of polarity in cells expressing active
Arg, we expressed an activemutant of Rap1 (RapV12). RapV12
expression was sufficient to rescue the decrease in b1-integrin
protein levels in ArgPP-expressing cells (Figure 6B) and
partially rescued the inverted polarity phenotype induced byFigure 6. Regulation of b1-Integrin and Epithelial Cyst Polarity by Active Arg A
(A) Active Arg inhibits Rap1 activation upon b1-integrin engagement. Contro
collagen for 30 min. Rap1-GTP pull-down assays were carried out, and level
with ImageJ, and analyzed by two-tailed unpaired Student’s t test (right panel
(B and C) Active Rap1 (RapV12) partially rescues ArgPP-induced polarity invers
coated plates for 18 hr. Protein expression was analyzed by western blotting. R
with inverted polarity were quantified, and data were analyzed by two-tailed un
n = 550; RapV12, n = 600; ArgPP, n = 197; ArgPP+RapV12, n = 454).
(D and E) Active Rap1 rescues polarity inversion but not laminin assembly in Ar
grown in collagen for 7 days, followed by confocal imaging for the indicated mactive Arg (Figures 6C and 6D). Further, RapV12 restored the
basal membrane localization of b1-integrin in ArgPP-express-
ing cysts (Figure 6E). Notably, the loss of laminin assembly
in ArgPP-expressing cysts was not restored by active Rap1
(Figure 6E), which is consistent with regulation of laminin
assembly by Rac1 [7, 8]. These findings suggest that Arg may
regulate Rac1-mediated laminin assembly independently
of Rap1-dependent modulation of b1-integrin levels duringre Mediated by Rap1
l or ArgPP-expressing cells were left suspended or allowed to adhere to
s of active Rap1 were detected by western blotting (left panel), quantified
); *p < 0.02. Error bar represents mean 6 SEM.
ion. MDCKII cells expressing the indicated proteins were plated on collagen-
elative b1-integrin levels were quantified with ImageJ. Percentages of cysts
paired Student’s t test; *p < 0.04. Error bars represent mean6 SEM (control,
gPP-expressing cysts. MDCKII cells expressing the indicated proteins were
arkers. Scale bars represent 10 mm.
Figure 7. ArgPP-Dependent Regulation of Rap1 and b1-Integrin Signaling Is Mediated by CrkII
(A) Active Arg inhibits CrkII-C3G complex formation in response to b1-integrin engagement. Control and ArgPP-expressing MDCKII cells were either left in
suspension or allowed to adhere to collagen-coated plates for 25min. The C3G-CrkII interactionwas examined by coimmunoprecipitation andwestern blot-
ting with the indicated antibodies (left panel). The following abbreviations are used: S, suspension; A, adhesion. Levels of C3G bound to CrkII in adherent
cells were quantified with ImageJ and analyzed by two-tailed unpaired Student’s t test (right panel); **p < 0.01. Error bar represents mean 6 SD.
(B) CrkII Y221F mutant partially rescues Rap1 activity in ArgPP-expressing cells. MDCKII cells expressing the indicated proteins were plated on collagen
for 10 hr followed by Rap1-GTP pull-down assays, and active Rap1 was detected by western blotting (left panel). The arrow marks the migration of the
exogenous CrkII Y221F mutant protein. Active Rap1 levels were quantified with ImageJ and analyzed with two-tailed unpaired Student’s t test (right panel);
*p < 0.05; **p < 0.01. NS indicates not statistically significant. Error bars represent mean 6 SEM.
(C and D) CrkII Y221F partially rescues ArgPP-induced polarity inversion. MDCKII cells expressing the indicated proteins were plated on collagen for 18 hr.
Protein expression was examined by western blotting, and b1-integrin protein levels were quantified by ImageJ. The percentages of cysts with inverted
polarity in each experimental group were quantified and analyzed by two-tailed unpaired Student’s t test; **p < 0.01. Error bars represent mean6 SEM (CrkII
WT + vector, n = 528; CrkII WT + ArgPP, n = 433; CrkII Y221F + vector, n = 548; CrkII Y221F + ArgPP, n = 214).
(E) CrkII Y221F does not rescue laminin assembly in ArgPP-expressing cysts. Scale bars represent 10 mm.
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1540polarity establishment. In support of this conclusion, we found
that RapV12 could rescue the polarity inversion but not defec-
tive laminin assembly in cysts expressing dominant-negative
RacN17 (Figures S6F–S6H). Moreover, low-level expression
of dominant-negative RapN17 in MDCKII cells promoted
polarity inversion in about 20%of cysts,which further supports
a role for Rap1 in the regulation of epithelial cyst polarity
(Figures S6C–S6E).
Active Arg-Dependent Regulation of Rap1-Integrin
Signaling and Cyst Polarity Is Mediated by the CrkII
Adaptor
We next sought to define the mechanism that links active Arg
to Rap1 in themodulation of cyst polarity. A potential target for
Arg in the regulation of Rap1 activity is C3G, a Rap1 guanine
nucleotide exchange factor (GEF). C3G is regulated by the
formation of a protein complex with the Crk family of adaptor
proteins, which are binding partners and substrates of the
Abl/Arg kinases [33]. Tyrosine phosphorylation of CrkII Y221
disrupts the CrkII-C3G complex and inhibits Rap1 activation
[34]. We found that engagement of b1-integrin by adhesion
to collagen induced the formation of the CrkII-C3G complex,
which was impaired in the presence of active Arg (Figure 7A).
This finding suggested that active Argmay inhibit Rap1 activa-
tion by suppressing CrkII-C3G complex formation. To assess
whether CrkII plays a role in ArgPP-induced Rap1 inhibition
and polarity inversion, we employed a phosphodeficient
mutant of CrkII lacking Y221, the Abl/Arg phosphorylationsite. Expression of CrkII Y221F mutant but not WT CrkII signif-
icantly rescued the levels of active Rap1 in ArgPP-expressing
cells upon collagen adhesion (Figure 7B; Figures S7A and
S7B). Further, we found that the CrkII Y221F mutant, but not
CrkII WT, rescued b1-integrin protein levels and localization
to the basal membrane in ArgPP-expressing cysts (Figures
7C–7E). Moreover, ArgPP-induced polarity inversion could
be partially rescued by CrkII Y221F, but not CrkII WT, to
a similar extent as that induced by RapV12 (Figures 7D and
7E; Figure S7C). However, like RapV12, expression of CrkII
Y221F failed to rescue laminin assembly in ArgPP-expressing
cysts (Figure 7E). These data suggest that CrkII and Rap1
function in the same pathway to regulate b1-integrin protein
levels and localization, which is independent of laminin
assembly.
Discussion
The present work has identified a previously unappreciated
role for the Arg kinase in the regulation of apical-basal epithe-
lial polarity through at least two distinct pathways: Rac1-
mediated laminin assembly and CrkII-C3G-Rap1-dependent
modulation of b1-integrin levels and localization in response
to collagen engagement (Figure S7D). Expression of constitu-
tively active Arg produces acinar structures with inverted
polarity characterized by the apical membrane facing the
collagen matrix rather than the central lumen. We show that
the inverted polarity phenotype induced by active Arg kinase
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activation downstream of CrkII/C3G complex is required for
b1-integrin expression and function, but not for laminin
assembly, a process known to be Rac1 dependent [8].
Thus, the Rac1-laminin pathway functions independently
from the Rap1-b1-integrin pathway in the regulation of epithe-
lial cyst polarity.
Previous studies have shown that Abl kinases can promote
or attenuate Rap1 activation dependent on the cellular
context. Endogenous Abl kinase activity is required for Rap1
activation and increased integrin affinity in response to
engagement of the T cell receptor (TCR) [31]. However, others
reported that constitutively active Abl decreased Rap1 activa-
tion by phosphorylation of the CrkII adaptor and disruption of
the CrkII/C3G complex leading to decreased b1-integrin
affinity without altering b1-integrin levels [34]. These contrast-
ing findings raise the possibility that transient activation of the
endogenous Abl kinases may be required for Rap1 activation
in response to specific stimuli, and that elevated and pro-
longed Abl/Arg kinase activity may negatively modulate
Rap1 activity through CrkII phosphorylation and disruption
of the CrkII/C3G complex. We propose that enhanced activa-
tion of Arg and/or Abl downstream of multiple growth factors,
chemokines, and oncogenic signals in epithelial cysts may
disrupt the normal turnover of Rap1 activity required for
b1-integrin regulation and maintenance of epithelial polarity
(Figure S7D).
Our previous work demonstrated that Abl kinases modulate
Rac1 activity by functioning both upstream and downstream
of Rac1 [12, 35]. Rac1 activation has been linked to the forma-
tion of a CrkII-Cas-Dock180 complex, and phosphorylation of
Y221 on CrkII disrupts this complex, leading to Rac inhibition
[36]. Expression of CrkII Y221F did not rescue Rac1-mediated
laminin assembly in ArgPP-expressing cysts. These findings
suggest that active Argmight regulate Rac1 activation through
pathways independent of CrkII phosphorylation in epithelial
cysts.
We found that Arg kinase is functionally linked to b1-integrin
signaling in the regulation of epithelial polarity. The role of
b1-integrin in cancer is complex, because this integrin has
been reported to be required for tumor progression [5, 6], but
it has also been shown to have antineoplastic functions and
suppress cancer progression [37]. The anti- and proneoplastic
effects of the b1-integrins are likely to be dependent on the
cellular context and the tumor stage. Targeted disruption of
b1-integrin in transgenic mouse models of breast cancer has
shown that this integrin is required for mammary tumorigen-
esis. In transgenic mice expressing polyoma middle T antigen
in the mammary gland, loss of b1-integrin inhibits both tumor
initiation andmaintenance [5]. In contrast, although b1-integrin
is dispensable for tumor initiation in transgenic mice express-
ing activated ErbB2 in the mammary gland, it is required
for tumor metastasis [6]. Dynamic regulation of Arg kinase
activity may play a role at distinct stages of tumor initiation
and progression downstream of diverse oncogenic signals
leading to altered b1-integrin function.
We found that both inhibition of b1-integrin function or
expression of active Arg promoted the dissociation of Par3
from the Par6/aPKC complex and induced aberrant localiza-
tion of Dlg with apical membrane components. Recently it
was reported that the Par polarity complex together with
Cdc42 regulate vesicular transport to the apical surface as
well as orientation of cell division during MDCK epithelial
polarization and lumen formation [38, 39]. A role for Abl kinasesin the modulation of membrane-trafficking during epithelial
polarization has yet to be explored. We have previously shown
that Abl kinases are required for lysosomal trafficking and
regulate cell surface levels of receptor tyrosine kinases and
metalloproteinases [20, 28, 40]. It remains to be determined
whether Abl and Arg affect membrane trafficking events
throughmodulation of polarity protein complexes. The present
work has revealed that gain- and loss-of-function of the Arg
kinase result in distinct phenotypic abnormalities in epithelial
cyst polarity, suggesting that Arg activity may be required for
spatial and temporal regulation of polarity pathways during
epithelial morphogenesis and organization in normal and
pathological conditions.
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